Formation of copper wiring on a polyimide film by laser irradiation to a stable copper-complex film consisting of glyoxylic acid copper complex and methylamine copper complex in air has been investigated. A stable metallic copper on the polyimide film was precipitated even in air. Since this copper was generated only in the laser-irradiated parts, direct patterning of copper wiring was possible. It was also found that copper was precipitated by electroless copper plating on the laser-deposited copper wiring and it was possible to thicken the copper wiring by this precipitation. The resistivity of the copper wiring was almost the same as that of the bulk of metallic copper. The developed method-combining laser irradiation to a copper-complex-coated film and electroless copper plating-enables the high-speed deposition of fine copper wiring on a polyimide film in air by a printing process, indicating an inexpensive and useful process for fabricating copper wiring without high vacuum facility and heat-treatment under inert gas.
Introduction
In recent years, a method called "printable electronics"-which produces electronic devices using a low-cost printing method-has been attracting much at-Materials Sciences and Applications tention [1] [2] [3] . Compared with conventional sputtering, vacuum evaporation, CVD, and other methods using conventional high-vacuum equipment, printable electronics make it possible to form films by using simple equipment under atmospheric pressure. It is thus an attractive, innovative method for reducing the costs of manufacturing electronic devices. Even in regard to the formation of metal wiring, which is an indispensable component for electronic de- vices, the wiring is formed by a printing method using fine metal particles. Studies on the formation of gold and silver wiring have been reported; however, these wirings were formed by methods such as screen printing and inkjet printing using a highly dispersed solution of ultrafine particles of gold or silver [4] - [10] . And since gold and silver are precious metals, methods using them are problematic from the viewpoint of cost reduction. Although silver has high conductivity and is less expensive than gold, it has a problem in terms of its low migration resistance. For that reason, forming copper wiring by using a liquid dispersion of copper fine particles, which is a base metal with high conductivity, is being studied [11] [12] . However, copper is easily oxidized, so it is indispensable to perform the processing steps involved in this method-such as synthesis of copper fine particles, preparation and handling of their dispersion solution, and heat treatment necessary for film curing-under an inert gas [13] [14] . For that reason, the manufacturing process and its equipment are inevitably complicated, and that complexity is one reason for increasing costs. Therefore, the development of a stable and inexpensive copper-source compound, and a simple process technology for copper-wiring formation using it, is being eagerly anticipated.
Aiming to develop a simpler method for fabricating copper interconnects (wire), we are studying the formation of high-speed fine wire in air by using stable copper-metal complexes and laser irradiation. It has been reported that stable metallic copper is precipitated in air by laser irradiation of a copper-complex film having glyoxylic acid bonded as a ligand and that it is possible to perform direct drawing ("direct patterning") of copper wiring by utilizing the phenomenon by which copper precipitates only in the laser-irradiated part of the film [15] [16] . This method makes it possible to form fine copper wiring at high speed by laser irradiation of a copper metal complex that is stable and easy to handle in air; accordingly, it is attracting attention as a simple and low-cost technology for forming copper wiring that does not require high-vacuum equipment or treatment under inert gas.
Recently, formation of a copper film by using a stable solution composed of copper formate and 2-amino-2-methyl-1-propanol (AMP) as a copper source has been reported [17] ; however, for conversion to copper, heat treatment at about 350˚C under an inert gas is necessary. Such heat-treatment at high temperature is not suitable for forming copper wire on organic film. A method of forming a copper film with relatively good conductivity by irradiating a copper salt (as ink) with a high-intensity pulsed light has also been reported [18] [19] . 
Synthesis of Methylamine-Copper (MACu) Complex
To prepare a methylamine copper (MACu)-complex solution (1.0 M), 6.0 mL of 40% methylamine/methanol solution was added to 1.3 g of copper-formate tetrahydrate and stirred (with warming) for one hour with a stirrer. The MACu-complex solution was gradually concentrated, and the solvent was removed and dried to obtain blue crystals.
Preparation of Mixed Solution of Copper Complexes
To prepare a GACu solution (1.0 M), 4.0 mL of ethanol and 2.0 mL of 2-aminoethanol were sequentially added to 1.0 g of GACu and stirred with a stirrer for one hour. 
Thin-Film Preparation and Laser Irradiation
The 
Electroless Copper Plating
Copper deposition by electroless copper plating was performed on copper wiring fabricated by laser irradiation. The electroless-copper-plating solution was prepared by using EPITHAS PHP (pH 7.7) and Thru-Cup ELC-SP (pH 12), manufactured by Uemura Kogyo Co., Ltd., and the samples were formed by changing the immersion time of the thin films in the solution at a temperature of 60˚C.
Evaluation
The thermal-decomposition characteristics of the synthetic-complex were measured using thermogravimetric differential thermal analysis (TG-DTA; Shimadzu TGA-50) and thermogravimetric analysis mass spectrometry (TG-MS; RIGAKU TG 8120 and Shimadzu GCMS-QP 2010). The crystal structure of the thin film
was measured with a thin-film X-ray diffractometer (RIGAKU RINT-TTR III, Smart Lab.).
The surface condition of the thin film was observed with a digital microscope (KEYENCE VHX-500F) and a scanning electron microscope (SEM; KEYENCE VE-8800 and JEOL SM-7610F). The cross-sectional structure of the copper thin film formed on the polyimide film was observed with a transmission electron microscope (TEM; Hitachi H-9500), the samples for which were formed by focused-ion-beam (FIB) processing. The resistivity of the thin film was measured by the four-end needle method (Mitsubishi MCP-T360). The adhesion strength of the thin film was evaluated by a JIS-standard tape test (JIS K5600-5-6: Japan 
Results and Discussion

Fabrication of Thin Film Using Glyoxylic-Acid Copper (GACu) Complex and Methylamine Copper (MACu) Complex and Effect of Laser Irradiation
As a starting material for a copper source, the complex solution prepared by mixing GACu and MACu, which are stable copper-divalent metal complexes, was used. The molecular structure of GACu and MACu is shown in Figure 1 . A thin film was formed by changing the composition ratio of both complexes, and the state of the film after laser irradiation was observed.
The thin-film fabrication process is shown in Figure 2 . generated as the ratio of MA copper complex increased. In the case of the film containing only the MA copper complex, the surface roughness was greatest while the laser-sweep trace was largest. Moreover, when the MA-copper-complex ratio was increased (GACu:MACu = 2:8 and 0:10), the adhesion strength of the film to the substrate tended to decrease.
It was found that 1) copper metal is precipitated without oxidation of copper in air by laser irradiation to the two-component copper-complex film and 2) the surface state of the copper film largely depends on the mixing ratio of the two copper-complex components, and an optimal composition ratio for obtaining a dense film exists. Furthermore, by using a two-component system, copper is precipitated even at a low laser-power output of 2.4 W, so it is possible to reduce thermal damage to the substrate caused by the laser. Accordingly, it is possible to form copper wiring on a film made of a resin such as polyimide. Although the mechanism of formation of a copper thin film by laser irradiation to the copper-complex film in air has already been reported [15] , it is presumed to be explained as follows.
A CO 2 laser with a wavelength of 10.6 μm is an infrared laser, and it can apply heat with a high energy density locally and instantaneously to the irradiated part.
The heat instantaneously detaches the ligands and decomposes the irradiated part. At that time, electrons are provided to Cu 2+ ions by reductive elimination of the ligands, and those ions are reduced to copper. It is assumed that since the copper formed immediately after the reduction exists as very minute particles, the melting point of copper is extremely low compared with that of the bulk copper [27] [28] . It is considered that the fine copper particles melt due to the heat of the laser irradiation, and they grow into larger stable copper particles Consequently, when fine copper formed from MACu acts as a crystal nucleus, copper produced from GACu grows as crystals easily. This phenomenon is presumed to be the cause of the formation of a uniform copper film under a lower laser output in the case of the GACu/MACu-mixed-complex film rather than in the case of the GACu-only film.
On the other hand, in the case of heat treatment, thermal energy is gradually applied to the entire film by convection. It is therefore presumed that fine copper particles generated when the ligands are reductively eliminated react immediately with oxygen in the air diffused into the film without any grain growth occurring, and copper oxide is subsequently formed.
Formation of Copper Fine Wiring on Polyimide Film
A film with GACu/MACu ratio of 5:5 was formed to obtain a uniform copper film on a polyimide film, and the film was then laser irradiated. In addition, the deposited copper wiring was subjected to electroless copper plating, and thickening of the copper wiring was studied.
The copper-wire formation process is overviewed in Figure 5 . The laser was swept over the mixed-copper-complex film formed on the polyimide film. After that, etching with water/ethanol dissolved the copper complex and left copper remaining on the polyimide film. The polyimide film was immersed in an electroless-copper-plating solution, and plated copper was deposited on the film for various immersion times at 60˚C.
The results of observations (DM and SEM images) of the surface condition are shown in Figure 6 . It was also found that 1) copper precipitated in the Figure 5 . Cu wire formation process on polyimide film substrate using laser irradiation and electroless Cu plating. 
TEM Observation of Cross-Sectional Structure of Copper Wiring
A TEM photograph of the cross-sectional structure of the copper wiring before plating (fabricated by laser irradiation) is shown in Figure 7 together with the surface-observation image (DM, SEM). A copper thin film is formed on the polyimide film with a thickness of 100 to 200 nm. Although copper particles are not observed in some places, it is presently unknown whether this absence of The results of elemental analysis by EDX of the deposited copper wiring are shown in Figure 8 . A peak corresponding to metal copper is observed at each of observation points (Points 1 to 5), so it is concluded that the precipitated particles are represented by these metal-copper peaks. At Point 1, close to the polyimide film, elements such as carbon, nitrogen, and oxygen are observed. These elements are presumed to be derived from the constituent molecules of the polyimide film. At Points 3, 4, and 5, nitrogen and oxygen are not observed, but a small amount of carbon is observed; however, this carbon is seemingly derived from the protective film used when the TEM sample was prepared.
A TEM image of the cross-sectional structure of the thin film (plating time: 5 minutes at 60˚C), electrolessly plated on copper wiring deposited by laser, is shown in Figure 9 . It can be seen that while the plating time is as short as five minutes, a dense plating film was formed on the copper wiring deposited by la- considered to be copper particles precipitated by the electroless copper plating.
From the above results, it is concluded that a plating of copper is formed on the copper formed by laser irradiation. Electroless copper plating usually uses palladium (which is a noble metal) as a catalyst. By applying the method developed in this research, an electroless-copper-plated film can be formed using copper (which is less expensive than palladium) as a catalyst. The resistivity of the plated copper film was about 5 × 10 −6 Ω·cm. Although this value is slightly higher than the resistivity of the copper bulk (1.68 × 10 −6 Ω·cm), when the plating time was increased to 10 and then 20 minutes, the thickness of the copper film increased and became the same as the resistivity of metallic copper (bulk and thick copper wiring can be formed on this film by electroless plating; consequently, it is possible to form high-conductivity wiring in air. This result indicates that processing in an inert gas and high-vacuum equipment are unnecessary and that copper wiring can be formed by laser irradiation to a stable copper-complex film on a polyimide film at high-speed. Since the developed method can be applied in air and enables the high-speed deposition of fine copper wiring on a polyimide film by a simple printing process, this method is effective for forming copper wiring on flexible printed circuit board as a low-cost method.
Conclusion
Formation of copper wiring on a polyimide film by laser irradiation to a stable copper-complex film in air was studied. The results of the study show that metallic copper precipitates on the polyimide film even in air. This copper was generated only in the laser-irradiated parts, so direct patterning of copper wiring was possible. It was also found that copper was precipitated by electroless copper plating on the laser-deposited copper wiring, and it was possible to thicken the copper wiring by this precipitation. The resistivity of the copper wiring was almost the same as that of the bulk of metallic copper. The developed method-combining laser irradiation on a copper-complex-coated film and electroless copper plating-can be applied in air; accordingly, it is believed that this method will contribute to reducing the cost of forming copper wiring on a polyimide film and further development of flexible printed wiring boards.
